1. Introduction {#sec1}
===============

Organic thin films have attracted high and widespread scientific interest within the past decade. In particular, films composed of conjugated materials, polymers, as well as molecules are of preferred importance. This is due to their interesting and advantageous electrical,^[@ref1]^ optical,^[@ref2]^ optoelectronic,^[@ref3]^ chemical, and mechanical properties, which makes such films attractive for applications in organic electronics and optoelectronics. One of the powerful aspects of conjugated systems is the adjustability of the electronic structure, especially the band gap, based on the individual extent of the π-conjugation within the main chain (in the case of polymers) or within the single molecule (in the case of conjugated oligomers or conjugated molecules). Moreover, the electronic structure of the bulk of conjugated systems (single crystals, thin films) can be strongly tuned by the crystallographic packing of single molecules with respect to each other.^[@ref4]^ This tuning possibility makes them attractive for many optical, electronic, and optoelectronic applications. Other advantageous aspects of organic films are their softness, which allows the production of flexible electronics, the expected low production costs, and a possibly better environmental compatibility. On the other hand, there are also some drawbacks in the endeavor to produce and maintain high quality organic films: poor air stability, deterioration with time, dewetting, and in particular difficulties to produce highly defined layer-like films.

In this article, we focus on the initial steps of film formation of rubicene molecules. Rubicene (C~26~H~14~) is a polycylic hydrocarbon consisting of five benzene rings with three linearly fused rings and one benzene ring at each diagonal side, shown in Figure [1](#fig1){ref-type="fig"} and in the inset of Figure [2](#fig2){ref-type="fig"}a. It is a stiff and planar semiconducting molecule with a molecular weight of *m* = 326.4 amu, a density of ρ = 1.392 g/cm^3^, and a melting point of *T*~m~ = 581 K. Interestingly, this material is poorly investigated; so far nothing is known about the crystallography of condensed rubicene and the formation of rubicene thin films. One important aspect is that rubicene films can be produced both from solution and by thermal evaporation under vacuum conditions. In this work, we first prepared rubicene single crystals from solution for their structural identification and then used this high purity material to prepare thin films under ultrahigh vacuum conditions. Under these well controlled conditions, we studied the adsorption and desorption properties of rubicene on silicon dioxide and the initial steps of film formation by using thermal desorption spectroscopy. In addition, we were able to study the thermal and air stability of ultrathin rubicene films. Atomic force microscopy revealed that the rubicene films are composed of randomly oriented islands. Dewetting and islanding is a pronounced feature of this material.

2. Experimental Section {#sec2}
=======================

2.1. Rubicene Purification, Crystal Growth, and Characterization {#sec2.1}
----------------------------------------------------------------

The rubicene powder, as purchased from Arcos Organics, Belgium, has a purity of 98%. To provide a high chemical purity of the grown crystals, as well as for the thin films, the purchased rubicene material was thoroughly purified by a gas transport technique. The purity was verified by optical spectroscopy (absorption and luminescence excitation and emission) of highly concentrated solutions, as well as by infrared absorption spectroscopy in the spectral range of the C--H stretching vibrations (2800--3100 cm^--1^) (see the [Supporting Information](#notes-2){ref-type="notes"}, Figures SI-1, SI-2, and SI-3).

Rubicene single crystals were grown from a rubicene--toluene solution which resulted in elongated crystals of several mm lengths. The XRD measurements were carried out on a Bruker Kappa APEX II 4K CCD diffractometer using graphite monochromated Mo Kα radiation with a characteristic wavelength of 0.71 Å. Moreover, it can envelope the specimen in a cold nitrogen gas stream to permit crystallographic studies at low temperatures to improve the accuracy of the structural data. The crystal structure of rubicene was determined at 100 and 250 K. All calculations were performed using the Bruker APEX II program system^[@ref5]^ and the SHELXTL program package.^[@ref6]^ Absorption corrections were performed by the program SADABS^[@ref7]^ (see the [Supporting Information](#notes-2){ref-type="notes"}).

2.2. Thin Film Deposition {#sec2.2}
-------------------------

Ultrathin rubicene films were prepared under ultrahigh vacuum conditions by physical vapor deposition from a Knudsen cell. The substrates were silicon dioxides (thickness 150 nm) thermally grown on 0.67 mm thick Si(100) wafers (10 mm × 10 mm), as supplied by Siegert Consulting e.K., Germany. A quartz microbalance thin film monitor (Inficon XTM/2) was used to quantitatively determine the evaporation rate from the Knudsen cell and hence the deposited amount of rubicene on the SiO~2~/Si substrate. For this purpose, the sample was temporarily replaced by the microbalance. Typically, deposition rates of 70 ng/(min·cm^2^), equivalent to 0.5 nm/min, were applied, which required a Knudsen cell temperature of about 470 K. The sample temperature during deposition was either room temperature or 220 K, as obtained by LN~2~ cooling. The residual pressure during deposition was in the 10^--9^ mbar range.

2.3. Substrate and Thin Film Characterization {#sec2.3}
---------------------------------------------

The chemical compositions of the substrate and thin films were analyzed by Auger electron spectroscopy (AES) (Varian CMA). On the freshly installed sample, in addition to silicon and oxygen, carbon was observed as a contaminant. This carbon could be easily removed by 10 min of argon sputtering (500 V, 30 mA, 5 × 10^--5^ mbar argon), resulting in a clean substrate. However, annealing to 800 K again resulted in some accumulation of carbon, most probably due to segregation from the bulk. As we will show below, this carbon contamination on the silicon dioxide surface had no significant influence on the adsorption behavior of rubicene. The Auger analysis of the deposited rubicene film exhibited just carbon; no impurities could be seen. However, one has to be careful by interpreting the carbon signal in this case, because there is strong evidence that rubicene dissociates in the area where the electron beam hits the surface. The morphology of the prepared films was determined ex situ by atomic force microscopy (AFM) in the tapping mode (Nanosurf Easyscan2). The crystallographic structure of the ultrathin films was investigated by X-ray diffraction. A Philips X'Pert System equipped with an ATC3 cradle was used in Bragg--Brentano focusing geometry. Radiation of a sealed chromium tube was used in combination with a graphite monochromator at the secondary side.

2.4. Thermal Desorption Spectroscopy {#sec2.4}
------------------------------------

A quite powerful method to determine the thermal stability and the quantitative amount of deposited rubicene is thermal desorption spectroscopy (TDS). In this case, the rubicene covered sample is heated up to 800 K, typically with heating rates of 1 K/s, and the desorbing molecules are detected with a mass spectrometer. The integral over the spectrum is a measure for the deposited amount. From the shape of the spectra and the peak maxima, conclusions can be drawn regarding the desorption order and the desorption energy. Furthermore, from a series of desorption spectra with different adsorbed amounts, one can get information on the adsorption kinetics, the layer formation, and the desorption kinetics.^[@ref8]^ For TDS, we have tuned the mass spectrometer (Balzers Quadstar) to mass 163, because this showed the highest number of fragments in the cracking pattern. In order to perform TDS on a silicon wafer, the samples were attached to a stainless steel plate via tantalum clamps, as described in more detail elsewhere.^[@ref9]^ In this context, we have to express a caveat with respect to the desorption temperature. Due to the poor heat conductivity of SiO~2~ and the thermal contact resistance between the (oxidized) silicon wafer and the steel plate, the temperature of the sample surface lags behind the temperature of the heating plate. Although one can take this into account by a simple first-order correction^[@ref9]^ (see the [Supporting Information](#notes-2){ref-type="notes"}), in the following, we will use the uncorrected temperature values, if not stated otherwise.

3. Experimental Results {#sec3}
=======================

3.1. Crystal Structure {#sec3.1}
----------------------

So far, no structural characterization for rubicene single crystals existed in the literature. Our X-ray diffraction measurements revealed that the crystal system of rubicene is monoclinic and its Bravais lattice is primitive monoclinic (space group *P*2~1~/*n*). Figure [1](#fig1){ref-type="fig"} depicts the package of the molecules in the rubicene crystal. The XRD measurements yield the following unit cell dimensions at *T* = 250 K: *a* = 16.158(1) Å, *b* = 5.1230(4) Å, *c* = 19.112(1) Å, β = 97.22°. With these dimension values, one gets *V* = 1569.5(2) Å^3^. Since the unit cell basis contains four molecules, the rubicene crystal density is calculated to be ρ = 1.381 g/cm^3^. This is in good agreement with the literature data.^[@ref10]^ Furthermore, the interplanar distance between two adjacent parallel molecules in the rubicene crystal is 3.38 Å. The observed molecular packing is typical for aromatic molecules with disclike shape.^[@ref11]^ All grown crystals were also analyzed at a temperature of 100 K. Since the structural results were almost identical for both temperatures, neither a phase transition nor a significant change in the crystal structure occurs in the temperature range between 100 and 250 K (see the [Supporting Information](#notes-2){ref-type="notes"}). The crystallographic data for the structures have also been deposited with the Cambridge Crystallographic Data Centre.^[@ref12]^

![Package of the molecules in the rubicene crystal, together with the crystal unit cell. The Bravais lattice is primitive monoclinic. The basis consists of four molecules, arranged in a parallel stacking structure.](jp-2012-122598_0002){#fig1}

3.2. Thermal Desorption Spectra {#sec3.2}
-------------------------------

As outlined above, thermal desorption spectroscopy can be applied to delineate the kinetics of adsorption and desorption of particles on and from substrates. Albeit this method has been mainly applied in classical surface science to study reactions at surfaces, it has proven to also be very powerful to describe the initial stages of organic film growth.^[@ref13]^ In Figure [2](#fig2){ref-type="fig"}, desorption spectra of rubicene from silicon dioxide after different exposed amounts at 220 K are depicted. In this particular case, the substrate surface was covered with some carbon. Actually, after each deposition of rubicene and subsequent heating to 800 K, a specific amount of carbon remains on the surface. This amount accumulates to a saturation value above which no further decomposition of rubicene can be observed (Auger ratio C272/O510 ≈ 0.27). Therefore, we used this stable substrate for the adsorption/desorption experiments. For better visibility, the spectra are plotted in three different figures for different coverage regimes.

![Thermal desorption spectra of rubicene from carbon covered silicon dioxide, for different exposures. Adsorption temperature *T*~ad~ = 220 K, heating rate ß = 1 K/s. The exposure is given in Hz, as determined by a quartz microbalance: (a) 2--42 Hz, (b) 42--67 Hz, (c) 50--118 Hz. The chemical structure of rubicene is shown in the inset of part a.](jp-2012-122598_0003){#fig2}

The exposed amounts of rubicene are described by the frequency changes of a quartz microbalance, which was positioned at the place of the substrate before the actual deposition at the substrate, in order to install a specific deposition rate. From the known quartz frequency (*f* ≈ 6 MHz), the quartz sensitivity (*S* = 2.26 × 10^--6^ cm^2^s/g), and the density of rubicene (ρ = 1.39 g/cm^3^), one can determine the correlation between the quartz frequency change (Δ*f*) and the mean thickness (*d*) of the exposed amount. According to the relationship^[@ref14]^it follows that a frequency change of 1 Hz equals a mean thickness change of 0.9 Å exposed rubicene. It should be emphasized at this point that the deposited amount equals the exposed amount only if the sticking coefficient is 1. We will show below that this is not the case for rubicene on silicon dioxide in the low coverage regime.

In Figure [2](#fig2){ref-type="fig"}a, a series of spectra for exposures between 2 and 42 Hz are compiled. For very low exposure (2--12 Hz), only a single peak is observed, designated as the α-peak, which shifts to higher temperatures with increasing adsorbed amount. Above 12 Hz, this peak increases further and shifts to even higher temperatures, but a second peak at approximately 30 K higher temperature, designated as the β-peak, appears at the same time. With further coverage increase (Figure [2](#fig2){ref-type="fig"}b), the α-peak starts to decrease, while the β-peak still increases (42--67 Hz). Finally, with even further coverage increase (50--118 Hz), the α-peak totally disappears and the β-peak continues to increase with a common leading edge (Figure [2](#fig2){ref-type="fig"}c).

3.3. Sticking Coefficient {#sec3.3}
-------------------------

In order to interpret the specific behavior of the desorption spectra, we have to determine the actual amount of adsorbed/desorbed material. For this purpose, we have plotted the areas of the individual desorption spectra, which are proportional to the adsorbed/desorbed amount, versus the exposed amount as measured by the quartz microbalance (Figure [3](#fig3){ref-type="fig"}). The most remarkable result of this presentation is the increasing slope with increasing adsorbed amount. This means that the sticking coefficient for rubicene increases with increasing coverage. Usually, it is assumed that the initial sticking coefficient of organic molecules at and below room temperature is 1.^[@ref15],[@ref16]^ Apparently, this is not the case for the adsorption of rubicene on silicon dioxide. If we assume that the maximum slope (α~2~) in Figure [3](#fig3){ref-type="fig"} is close to 1, the initial slope (α~1~) is about 0.25. Considering this sticking coefficient, we can convert the exposure values, given in Hz, into values for the adsorbed amount, described by the mean thickness (Å).

![TDS area for rubicene desorbed from carbon covered silicon dioxide as a function of the exposed amount, as measured by the quartz microbalance. Adsorption temperature: 220 K.](jp-2012-122598_0004){#fig3}

3.4. Influence of Surface Cleanliness {#sec3.4}
-------------------------------------

In order to check the influence of surface cleanliness on the adsorption behavior, we have performed adsorption/desorption experiments on a silicon dioxide surface which was cleaned by argon sputtering before each rubicene deposition. A set of thermal desorption spectra is shown in the [Supporting Information](#notes-2){ref-type="notes"} (Figure SI-7). The result is similar to that on the carbon contaminated substrate. First, a single peak (α) at low temperature appears until at about 14 Hz a second peak (β) at higher temperatures starts to grow. The α-peak grows further to about double intensity, before it starts to decrease and finally disappears completely, whereas the β-peak continues to grow with exposure. The corresponding relationship between exposure and adsorbed amount is depicted in Figure SI-8 of the [Supporting Information](#notes-2){ref-type="notes"}. Again, the slope of the coverage curve increases with increasing coverage. Assuming a slope of 1 in the high coverage regime yields an initial slope (initial sticking coefficient) of about 0.17. This is within the experimental error similar to that on the carbon covered substrate.

3.5. Heat of Evaporation {#sec3.5}
------------------------

The desorption spectra for high rubicene coverage (Figure [2](#fig2){ref-type="fig"}c) show close to zero-order desorption kinetics. From such spectra, one can deduce the desorption energy, equivalent to the heat of evaporation. Unfortunately, as outlined above, the exact temperature of the substrate surface is not known, due to poor heat conductivity between the oxidized silicon wafer and the stainless steel heating plate. In order to obtain a reliable value for the heat of evaporation, we have adsorbed/desorbed rubicene directly on/from the steel plate sample holder, where the temperature is measured with the thermocouple. A corresponding desorption spectrum for an exposure of 100 Hz shows a peak maximum at about 390 K (see the [Supporting Information](#notes-2){ref-type="notes"}, Figure SI-10). A comparison with Figure [2](#fig2){ref-type="fig"} clearly shows the temperature lag of desorption from the silicon dioxide surface. However, one can observe in those spectra a small peak at around 400 K, which stems from desorption from the tantalum foils, which are used to clamp the silicon wafer to the steel plate sample holder. Thus, a first-order temperature correction can be applied which allows the determination of the desorption energy for monolayer and multilayer desorption (see the [Supporting Information](#notes-2){ref-type="notes"}).

The desorption rate *R*~des~ for zero-order (multilayer) desorption and first-order (monolayer) desorption can be described by the Polanyi--Wigner equation:^[@ref17]^with ν being the frequency factor, Θ the coverage, *n* the desorption order, and *N*~ML~ the number of molecules in the monolayer. Hence, plotting the logarithm of the desorption rate *R*~des~ (QMS signal) versus 1/*T* should yield a straight line with a slope equivalent to (*E*~des~/*k*). For multilayer desorption, where the molecule density in the (001) plane of rubicene is 2.4 × 10^14^ molecules/cm^2^, the calculation yields a desorption energy of 1.47 ± 0.05 eV. Furthermore, from the intercept with the *Y*-axis, we obtain a frequency factor of ν = 3 × 10^18^ s^--1^. We have also performed independent measurements of the heat of evaporation by determining the evaporation rate from our Knudsen cell, measured by the microbalance, as a function of the cell temperature. The evaluation of these data yields a heat of evaporation of 1.49 ± 0.05 eV, in good agreement with the multilayer desorption energy (see the [Supporting Information](#notes-2){ref-type="notes"}, Figure SI-9).

By using the same temperature correction, one can also evaluate the desorption spectra in the monolayer regime, by assuming first-order desorption. In this case, ln(*R*~des~/Θ) has to be plotted versus 1/*T*. With a molecule density of 8.9 × 10^13^ molecules/cm^2^ for a dense packed monolayer of lying molecules, the evaluation of the 12 Hz spectrum in Figure [2](#fig2){ref-type="fig"}a yields *E*~des~ = 1.25 eV and ν = 3 × 10^16^ s^--1^ (see the [Supporting Information](#notes-2){ref-type="notes"}, Figures SI-11 and SI-12).

3.6. Film Morphology and Dewetting {#sec3.6}
----------------------------------

Thermal desorption spectroscopy has suggested that rubicene first forms two layers of flat-lying molecules. With increasing deposition, however, these layers dewet and the molecules form islands. This could be proven by ex situ atomic force microscopy. In Figure [4](#fig4){ref-type="fig"}, an AFM image of a rubicene film after an exposure of 250 Hz is shown, equivalent to a mean layer thickness of about 20 nm, considering the reduced sticking coefficient at low coverage. The film consists of randomly oriented islands with elongated shape. Interestingly, for very low coverage (e.g., 7 Hz, mean thickness: 0.16 nm), for which TDS reveals a layer-like monolayer film, ex situ AFM shows again an island-like morphology (Figure [5](#fig5){ref-type="fig"}). Actually, an integration over all islands shows that all material is contained in the islands and there is no hint of a remaining wetting layer. This strange behavior can be explained by a dewetting process caused by the exposure of the sample to air. Such a venting induced dewetting has been recently demonstrated for the system hexaphenyl on mica.^[@ref18]^ Indeed, a desorption experiment on a 7 Hz rubicene film once performed directly after deposition and once performed after venting the vacuum chamber and re-evacuation showed a dramatic difference (Figure [6](#fig6){ref-type="fig"}). Whereas in the first case one can see mainly desorption from the weakly adsorbed wetting layer, after venting, only desorption from the more strongly bound islands is observed. In addition, the total area under the desorption spectrum has decreased by about 40% after venting.

![(a) AFM image (8 μm × 8 μm) of a rubicene film on silicon dioxide, with a mean thickness of about 20 nm. Substrate temperature, 300 K; deposition rate, 0.5 nm/min. (b) Cross section along the white line in part a.](jp-2012-122598_0005){#fig4}

![(a) AFM image (8 μm × 8 μm) of a 7 Hz film of rubicene (mean thickness about 0.16 nm) deposited on silicon dioxide at 300 K, immediately measured after dismounting the sample from the vacuum chamber. (b) Cross section along the white line in part a.](jp-2012-122598_0006){#fig5}

However, not only the exposure of the thin rubicene film to air changes the morphology, but there is also a further gradual change of the morphology as a function of the storage time in air. This is shown in the AFM images for a 30 Hz film (mean thickness: 0.7 nm), which were obtained directly after venting the chamber and dismounting (Figure [7](#fig7){ref-type="fig"}) and after 24 h (Figure [8](#fig8){ref-type="fig"}). Furthermore, we could show by AFM that for very thin films the storage of the sample in air results in a continuous decrease of the deposited amount. Particularly, a 7 Hz film was not visible anymore by AFM after storage in air for 5 days.

![Thermal desorption spectra for a 7 Hz rubicene film obtained directly after deposition (a) and for a film with the same exposure but obtained after venting the vacuum system and re-evacuation (b). Adsorption temperature: 300 K.](jp-2012-122598_0007){#fig6}

3.7. X-ray Diffraction on Thin Rubicene Films {#sec3.7}
---------------------------------------------

The crystallographic structure of a 20 nm thick film (corresponding to Figure [4](#fig4){ref-type="fig"}) was determined by X-ray diffraction. A specular scan (Θ/2Θ) is shown in Figure [9](#fig9){ref-type="fig"}, revealing that the crystallites are oriented with the (001) plane parallel to the substrate surface. However, from the large rocking width of about 6°, as depicted in the inset of Figure [9](#fig9){ref-type="fig"}, one has to conclude that the mosaicity of the rubicene crystals is large. On the basis of our crystal structure solution together with the observation of the 00L peaks within the specular diffraction, the alignment of the molecules relative to the substrate surface could be determined. The layers of molecules are formed parallel to the substrate surface (Figure [10](#fig10){ref-type="fig"}a). Within one layer, the molecules are stacked parallel to each other so that they form parallel columns; within the columns, the molecules are side-tilted (Figure [10](#fig10){ref-type="fig"}b).

![(a) AFM image (8.6 μm × 8.6 μm) of a rubicene film on silicon dioxide, with an initial mean thickness of about 0.7 nm, directly measured after deposition at 300 K and venting the vacuum system. (b) Cross section along the white line in part a.](jp-2012-122598_0008){#fig7}

![(a) AFM image (8.6 μm × 6.9 μm) of a rubicene film deposited on silicon dioxide at 300 K, with an initial mean thickness of about 0.7 nm, measured 24 h after deposition and venting the vacuum system. (b) Cross section along the white line in part a.](jp-2012-122598_0009){#fig8}

![Specular X-ray diffraction scan on a 20 nm thick rubicene film grown on SiO~2~, using Cr Kα radiation. The inset gives the rocking curve of the 002 peak.](jp-2012-122598_0010){#fig9}

![Molecule arrangements in a rubicene crystal. (a) Side view of two molecular layers along the \[010\] direction. (b) Top view onto the (001) plane of one molecular layer.](jp-2012-122598_0011){#fig10}

4. Discussion {#sec4}
=============

The initial layer formation of rubicene on silicon dioxide shows a quite peculiar behavior. Typically, on reactive surfaces, small organic molecules form first a strongly bound wetting layer of lying molecules, on which then the multilayer forms, either consisting again of lying molecules or of standing molecules. Examples of the former film formation are quaterphenyl (4P) and hexaphenyl (6P) on Au(111),^[@ref19],[@ref20]^ 6P on freshly cleaved mica,^[@ref9],[@ref21],[@ref22]^ pentacene (5A) on Au(111),^[@ref23]^ or PTCDA on Ag(111),^[@ref24]^ to name just a few. An example of the latter layer growth is 5A on Si(111).^[@ref25]^ Contrary, on inert, flat substrates, organic molecules tend to form films consisting of standing molecules, beginning already in the first layer, like for 6P on sputtered mica,^[@ref9]^ or 5A on SiO~2~.^[@ref26]^

Quantitative thermal desorption spectroscopy is, in addition to AFM, a powerful method to distinguish between the monolayer and multilayer formation. Particularly, the energetics and kinetics of film formation and decomposition can be studied with TDS successfully.^[@ref13]^ Films of the above-mentioned characteristics with a strongly bound wetting layer typically show two desorption peaks, one for multilayer desorption and another one for monolayer desorption at higher temperature. If the first layer already consists of standing molecules, due to weak interaction with the substrate, typically only one desorption peak is observed.^[@ref13]^

In the case of rubicene desorption at low coverage, first a single peak appears at relatively low temperature. After a particular coverage, this peak starts to decrease and it is finally replaced by a desorption peak at higher temperature. Such a behavior for the first monolayer has not been observed before to the best of our knowledge. There is only one example in the literature where a similar desorption behavior was described, however involving the transition between a second layer and a multilayer. In that case, hexaaza-triphenylene-hexacarbonitrile (HATCN) was adsorbed on Au(111)^[@ref27]^ and Ag(111).^[@ref16]^ In both cases, a weakly bound second layer was formed on top of a strongly bound wetting layer, where the second layer was then incorporated at higher coverage into the multilayer by dewetting, from which the molecules desorbed at somewhat higher temperature.

The adsorption/desorption behavior of rubicene on/from silicon dioxide can be explained in the following way: In the submonolayer regime, the molecules adsorb flat-lying on the inert SiO~2~ substrate. This interaction is quite weak; the desorption energy is only 1.25 eV. Desorption of this layer appears already slightly above room temperature at around 350 K in the form of a single peak (α-peak). (Note that the temperature scale in Figure [2](#fig2){ref-type="fig"} is not corrected.) This single peak of asymmetric form shifts to higher temperature with increasing coverage, first with a common leading edge and finally even with the leading edge shifting to higher temperature. This desorption characteristic is an indication of first-order desorption kinetics with attractive interactions between the molecules.^[@ref8]^ Desorption proceeds in the form of a single peak up to an exposure of 12--15 Hz. According to the calibration of the quartz microbalance and the experimentally obtained initial sticking coefficient of about 0.25, the saturation of this single peak can be attributed to a coverage of about 0.3 nm mean thickness. This is evidence for a closed monolayer of flat-lying molecules. The van der Waals thickness of aromatic molecules is about 3.5 Å.^[@ref28]^

With further exposure, a second desorption peak (β-peak) appears, shifted by about 30 K to higher temperature. At the same time, the α-peak keeps on growing until it reaches saturation at a coverage equivalent to a double layer of lying molecules. The β-peak continually grows with increasing exposure, indicating desorption from a multilayer, while the α-peak decreases until it eventually totally disappears above an exposure of about 80 Hz. This is equivalent to a mean film thickness of 1.8 nm. We can interpret this behavior as follows: After saturation of the first monolayer, further impinging molecules adsorb in the second layer again flat on. However, this double layer is already metastable. Further adsorption on this double layer results in an unstable film and the molecules restructure from a flat-lying double layer to a standing arrangement, which is apparently energetically more favorable. Actually, the formation of a closed double layer before the formation of islands starts on this layer is not so uncommon. A few examples of such a layer growth are PTCDA on Ag(111),^[@ref24]^ HATCN on Au(111),^[@ref27]^ and sexiphenyl on Cu(110)(2 × 1)O.^[@ref29]^

The key point in the rubicene--SiO~2~ system is that the binding energy of the molecules to the substrate (1.25 eV) is weaker than the binding energy between rubicene molecules in the bulk phase, which was calculated to be 1.47 eV. However, the diffusion probability of the flat-lying molecules in the submonolayer phase is not high enough to restructure the layer into 3D islands during heating, from where the molecules then would desorb at higher temperature. This latter behavior has been observed for 6P on sputtered mica.^[@ref18]^ Nevertheless, for higher coverage, the tendency of dewetting in the system rubicene--SiO~2~ is so high that the growth of smooth, thick films is very unlikely (see Figure [4](#fig4){ref-type="fig"}).

The formation of a full monolayer of flat-lying molecules is only possible during growth in UHV. Exposure of a 7 Hz layer to air again results in a strong dewetting, as shown by AFM (Figure [5](#fig5){ref-type="fig"}). This was also verified by TDS, performed before and after venting with subsequent re-evacuation (Figure [6](#fig6){ref-type="fig"}). While before venting the desorption peak is at around 450 K (uncorrected), indicative of weakly bound molecules to the substrate, the desorption peak has shifted to 500 K after venting, indicative of desorption from 3D islands. Furthermore, the peak area after venting was reduced by about 40%, demonstrating the partial desorption during venting. A venting induced subsequent nucleation has been recently observed for the system 6P-mica.^[@ref18]^ It was assumed that upon venting water adsorbs on the sample surface and diffuses between film and substrate, thus increasing the diffusion probability and/or decreasing the activation energy for nucleation. Such venting induced subsequent nucleation processes are in particular pronounced for very thin films. This should be taken into account whenever AFM images of such films are interpreted.

The quite weak bonding to the substrate (1.25 eV) and the rather low heat of evaporation of 1.47 eV, as obtained from TDS, has further consequences for the deposited rubicene film on SiO~2~ when stored in air. A comparison of the morphology of a 30 Hz film (0.7 nm mean thickness) measured with AFM immediately after exposure to air (Figure [7](#fig7){ref-type="fig"}a) and after 24 h (Figure [8](#fig8){ref-type="fig"}a) shows significant differences. The film is composed of many small islands immediately after venting, with the largest islands having dimensions of about 300 nm in diameter and heights of about 50 nm (Figure [7](#fig7){ref-type="fig"}b). After storage in air for 24 h, only few, large rectangular shaped islands are visible, with heights up to 120 nm (Figure [8](#fig8){ref-type="fig"}b). This phenomenon is known as Ostwald ripening.^[@ref30]^ It is again an indication of the weak bonding of the rubicene molecules at the rims of the 3D islands, leading to a quite dense 2D gas phase of rubicene monomers and hence to the growth of large islands at the expense of the small islands, according to the Gibbs--Thompson relation.^[@ref30]^ The process of Ostwald ripening and the partial evaporation of the film are relatively more pronounced on very thin films. A clear reduction of the island size after 30 days in air has been observed for the 0.7 nm thick film. Actually, on the 7 Hz film (mean thickness 0.16 nm, Figure [5](#fig5){ref-type="fig"}), no rubicene material whatsoever could be detected on the silicon dioxide after several days in air. Similar morphological changes of organic layers under ambient conditions have recently been observed also for naphthyl end-capped thiophenes deposited on mica.^[@ref31]^

The morphology of thick films (20 nm mean thickness, Figure [4](#fig4){ref-type="fig"}) shows the existence of randomly oriented crystallites. With X-ray diffraction, we could identify that the structure of the small crystallites is identical to the bulk structure and that the crystallites are oriented with the (001) plane parallel to the substrate (Figure [9](#fig9){ref-type="fig"}). The arrangement of the rubicene molecules within the bulk crystal in two different views is shown in Figure [10](#fig10){ref-type="fig"}. Rocking curve measurements (inset in Figure [9](#fig9){ref-type="fig"}) on this film revealed a quite high fwhm of about 6°, indicating that the mosaicity of the film is rather large, significantly larger than for other organic films of rodlike molecules, like pentacene.^[@ref32]^

Next, we would like to comment on some unusual features concerning the adsorption and desorption kinetics. The initial sticking coefficient of sufficiently large organic molecules is typically assumed to be 1 at and below room temperature.^[@ref15],[@ref16]^ However, in this work, we could clearly demonstrate that the sticking coefficient increases with increasing coverage, which excludes an initial sticking coefficient of 1 for rubicene on SiO~2~. Unfortunately, there exists little quantitative experimental and theoretical work in the literature on this subject, since all-atom molecular dynamics (MD) calculations of the adsorption dynamics of larger molecules are quite expensive. We are only aware of one theoretical work where the trapping dynamics of diindenoperylene (DIP) molecules on self-assembled monolayers (SAMs) have been studied, using MD simulations with MM3.^[@ref33]^ In that work, the authors showed that the sticking coefficient depends on several parameters, e.g., on the incidence energy, the angle of incidence, the molecule orientation and the packing density of the SAM. Actually, these phenomena are well-known for the adsorption of small molecules on rigid substrates, both for associative (e.g., CO) and dissociative adsorption (e.g., H~2~), for which a wealth of experimental and theoretical data is available.^[@ref34]−[@ref36]^ Having these findings in mind, we can at least speculate as to the reason of the rather low initial sticking coefficient for rubicene on silicon dioxide of about 0.2 (0.25 on the C-covered surface, 0.17 on the clean surface). The fundamental question is whether sufficient energy can be transferred to the substrate for accommodation within the interaction time. It was shown for the small molecule CO that the initial sticking coefficient on a variety of metal substrates decreases with increasing kinetic energy. Furthermore, the sticking coefficient decreases with decreasing adsorption energy.^[@ref37]^ This can be understood from simple classical arguments. The molecules have to transfer sufficient kinetic energy during the interaction with the surface to become trapped. The adsorption energy for the rubicene molecule (C~26~H~14~) on SiO~2~ is 1.25 eV, which means that the binding energy per C atom is just about 50 meV. Thus, it is not implausible that the initial sticking coefficient is not 1. Another aspect is the orientation of the molecules in front of the surface during interaction with the surface. The influence of rotational energy on sticking has been shown by Batista et al.^[@ref38]^ for H~2~O on ice and by Gardner et al.^[@ref39]^ for CO on ice substrates. It can be anticipated that the orientation effect will be even more pronounced for larger rigid molecules. Furthermore, the proper mass matching will be relevant for effective accommodation. This was shown, e.g., by McMaster et al.^[@ref40]^ for propane on platinum substrates. The authors explained the increase of the sticking coefficient with coverage by the better mass matching and a greater deformability of the adlayer. Finally, precursor mediated adsorption should be taken into account.^[@ref41]^ In this scenario, the molecule is first trapped in a weakly bound state where it can still move along the surface until final accommodation, or desorb again during the residence time in the precursor state. The interaction with islands and other imperfections on the surface will increase the accommodation, which again will lead to an increase of the sticking coefficient with coverage.

Finally, some comments to the desorption behavior of rubicene from SiO~2~. From the desorption spectra, one cannot only determine the desorption energy but also the frequency factor for desorption, according to eq [2](#eq2){ref-type="disp-formula"}. In particular, the frequency factor contains information on the kinetics of desorption. For atoms and small molecules, the frequency factor can be correlated with the attempt frequency for desorption, which is in the order of 10^13^ s^--1^. However, according to transition state theory,^[@ref42]^ the pre-exponential factor contains the ratio of the partition functions of the molecules in the gaseous phase and the adsorbed phase. Due to the many rotational and vibrational degrees of freedom in the gas phase, the pre-exponential factor for large organic molecules is by orders of magnitudes larger than 10^13^ s^--1^.^[@ref13]^ In our particular case, we determine a frequency factor for the first-order desorption of the (sub)-monolayer phase of ν~1~ ≈ 10^16^ s^--1^ and for the zero-order desorption from the multilayer phase ν~0~ ≈ 10^18^ s^--1^. The lower frequency factor for the monolayer desorption might imply that the molecules in the (sub)-monolayer are more mobile than in the bulk phase prior to desorption.^[@ref43],[@ref44]^

5. Summary and Conclusions {#sec5}
==========================

The initial film formation of rubicene molecules on silicon dioxide exhibits a quite unusual behavior. First, a monolayer of flat-lying molecules is formed, followed by a second layer of flat-lying molecules. The desorption energy of these molecules is 1.25 eV. Deposition of further rubicene leads to a destabilization of this bilayer and to dewetting by the formation of 3D islands. The crystallographic structure of these islands is bulk-like, with the (001) plane being parallel to the substrate. This leads to an arrangement of upright standing but tilted molecules. The desorption energy for the molecules in the 3D islands (heat of evaporation) is larger than that for the flat-lying molecules in the wetting layer, namely, 1.47 eV. This is the reason for the strong tendency of dewetting.

Dewetting of the bilayer can also be induced by exposing such a layer to air. This has been shown by thermal desorption spectroscopy and atomic force microscopy. Furthermore, for the island-like film under ambient conditions, Ostwald ripening was observed, leading to films composed of few, large crystalline islands. In the case of very thin films, most of the material in the small islands even disappeared by evaporation within several days at room temperature.

A further peculiarity of the adsorption system rubicene/SiO~2~ is related to the sticking coefficient. Contrary to common wisdom, the initial sticking coefficient is not 1, even at a substrate temperature of 220 K. We measured an initial sticking coefficient of only 0.2 ± 0.05, depending on the substrate conditions. This low value can be related to the relatively weak interaction energy between the molecules and the substrate. However, other reasons connected with the adsorption dynamics can also play a role, e.g., orientational hindering, insufficient energy accommodation due to mass mismatch, or precursor mediated adsorption. This can be inferred from the fact that with increasing coverage the sticking coefficient increases, and probably approaches 1 for thicker films.

Adsorption and desorption of rubicene on SiO~2~ is only weakly depending on the substrate chemical composition. Accumulation of carbon on the surface, due to some dissociation of rubicene during sample heating, does not significantly influence the shape of the desorption spectra nor the coverage dependence of the sticking coefficient. The reason for this is again the already weak interaction energy between rubicene and silicon dioxide, which is not further decreased by contaminations significantly.

Rubicene purification, crystal growth from solution, IR and optical spectroscopy, single crystal characterization with X-ray diffraction, thermal desorption from clean silicon dioxide, and determination of the desorption energy. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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